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INTRODUCTION
The genus Sinorhizobium groups symbiotic, nitrogen-fixing bacteria, which form root or stem nodules on leguminous plants. The importance of these bacteria is due to their ability to transform atmospheric nitrogen (N 2 ) into ammonia, which improves growth and productivity of the plants. The effective application of biological nitrogen fixation by this group of bacteria leads to increased legume yields, especially in unfertile soils (Jones et al. 2007; Zhao et al. 2012; Donnarumma et al. 2014; MarekKozaczuk et al. 2014) . It has been shown that the genes crucial for the symbiosis of Sinorhizobium spp. and plants are usually located in large mega-sized replicons, including plasmids and chromids (i.e. essential plasmid-like replicons, with properties of both chromosomes and plasmids) (MacLean, Finan and Sadowsky 2007; Galardini et al. 2013) .
Multipartite genome structure seems to be typical for Sinorhizobium spp. (Galardini et al. 2013; diCenzo et al. 2014; Lagares, Sanjuan and Pistorio 2014) , but this feature is also frequently observed in other representatives of Alphaproteobacteria (Maj et al. 2013; Dziewit et al. 2014; Terpolilli et al. 2014) . The formation of multi-replicon genomes seems to be beneficial for bacteria, as it enables more rapid duplication of the genetic information, and permits the maintenance of a larger genome without reducing the high rate of cell division. Moreover, multipartite genomes allow for the functional division of genes onto separate replicons (diCenzo et al. 2014; Dziewit et al. 2014 Dziewit et al. , 2015a .
The genomic and subsequent comparative genomic studies of sinorhizobia performed in the last 15 years indicate that the extrachromosomal mobilome in this genus is composed of replicons varying greatly in size and having different properties and functions (Barnett et al. 2001; Galibert et al. 2001; Reeve et al. 2010; Weidner et al. 2012; Sugawara et al. 2013; Vinardell et al. 2015) . It has been observed that frequently in sinorhizobia almost half of their genomes is contained in several large extrachromosomal replicons (usually repABC-type replicons), which exemplifies their important biological role (Lopez-Guerrero et al. 2012) . Plasmids and chromids of Sinorhizobium spp. were divided into two general groups, i.e. (i) those carrying symbiotic functions (pSyms) and (ii) the remaining, non-symbiotic replicons (referred to as the non-pSym) (Lagares, Sanjuan and Pistorio 2014) . Regardless of their symbiotic functions, Sinorhizobium extrachromosomal replicons may also carry genetic modules conferring several other specific phenotypes; however, our knowledge of this phenomenon is still limited (Lagares, Sanjuan and Pistorio 2014) .
Bacteria of the Sinorhizobium genus may be successfully applied in bioremediation, as many of them are able to decompose toxic organic compounds, such as polycyclic aromatic hydrocarbons and polychlorinated biphenyls (Wang et al. 2016) , or oxidize/reduce heavy metal ions (Hao et al. 2012; Drewniak et al. 2013; Xie et al. 2015; Lu et al. 2016) . Among the strains that found application in bioremediation systems is an extremophilic bacterium Sinorhizobium sp. M14. It was isolated from microbial mats of bottom sediments of an ancient gold mine in Zloty Stok (Poland), in which highly unfavorable conditions for life, i.e. the temperature ranging between 10
• C and 12
• C and extremely high concentrations of arsenic (up to 26 mg L −1 ) were recorded.
M14 is a psychrotolerant, neutrophilic strain, which may use arsenite as the electron donor and carbon dioxide or bicarbonate as the carbon source (Drewniak, Matlakowska and Sklodowska 2008) . The biotechnological value of the strain is due to its ability to reduce arsenate to arsenite and simultaneously oxidize arsenite in a respiratory process, generating energy needed for growth. The ability to carry out such transformations combined with the activity of the arsenic detoxification system, encoded in its genome, allows this bacterium to tolerate extremely high concentrations of As(V) and As(III) -250 mM and 20 mM, respectively. Sinorhizobium sp. M14 was also shown to be resistant to many other metals and metalloids, including Cd, Co, Cr, Cu, Fe, Mn, Ni, Se, V and Zn (Drewniak, Matlakowska and Sklodowska 2008) . Such multi-metal resistance is very important from environmental point of view, as our recent studies showed that functions of resistance to heavy metals are more desirable in microorganisms engaged in water (self) purification than the ability to utilize heavy metals in the respiratory process (oxidation reduction). In many aquatic environments, biosorption seems to be the most essential or one of the main process of metal attenuation, so for such approach much more important is the survival and multiplication of biomass serving as a natural barrier for sequestration of metals than active transformations and speciation of these toxic elements in order to gain energy.
In the context of the above state of the art and environmental implications, it is important to study the heavy metal resistance strains, both in terms of physiology, genetic and ecology.
Sinorhizobium sp. M14 harbors two extrachromosomal replicons: pSinA (∼109 kb) and pSinB (∼300 kb). Interestingly, neither of them is a typical symbiotic replicon, characteristic for sinorhizobia. The smaller one is a self-transferable, broad-hostrange (BHR) plasmid, which carries a genomic island encoding genes for oxidation of As(III), as well as arsenic transport and resistance, and other heavy metal (e.g. Cd, Co, Cu, Zn) resistance (Drewniak et al. 2013) . Removal of plasmid pSinA from M14 cells leads to deficiencies in heavy metal resistance and arsenic metabolism of its host cells. In turn, conjugal transfer of plasmid pSinA into strains that previously (in the native form) did not have abilities to oxidize As (III) and exhibited low level of resistance to arsenic and other heavy metal leads to the acquisition of arsenite oxidation activity and enhancing arsenic resistance of host cells. Thus, the plasmid pSinA as well as its particular genetic modules found application in arsenic bioremediation technologies and plasmid-mediated bioaugmentation of microbial communities in arsenic-contaminated environments (Drewniak et al. 2013 (Drewniak et al. , 2015 .
In this study, the structural and functional analysis of the second mega-sized replicon pSinB was performed. Within the plasmid eight modules potentially conferring resistance to heavy metals were found. Moreover, the complex analysis of the heavy metal resistome of all known sinorhizobial extrachromosomal replicons, assessing the importance of these elements in adaptation of their hosts to contaminated environments, was also performed.
MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions
The following bacterial strains were used in this study: Achromobacter sp. LM16R (Dziewit et al. 2015b) , Agrobacterium tumefaciens D10 (Drewniak et al. 2013) , A. tumefaciens LBA 288 (Hooykaas, den Dulk-Ras and Schilperoort 1980) , Escherichia coli BR825 (Ludtke, Eichorn and Austin 1989), E. coli TG1 (Sambrook and Russell 2001) , Ochrobactrum sp. LM19R (Dziewit et al. 2015b) , Paracoccus alcaliphilus JCM 7364R (Bartosik, Baj and Bartosik 2002) and Pseudomonas sp. LM7R . The bacterial plasmids used in this study are listed in Table S1 (Supporting Information). The strains were grown in LB (Luria-Bertani) medium (Sambrook and Russell 2001) were used in the assay as described previously . MICs of metals were determined spectrophotometrically after 72 h of culturing, and each analysis was carried out in triplicate.
DNA isolation, standard genetic manipulations and introduction of plasmid DNA into bacterial cells
The isolation of total DNA and plasmids and common DNA manipulation methods were performed as described by Sambrook and Russell (2001) . Mega-sized replicons were visualized by ingel lysis and DNA electrophoresis according to the method described by Wheatcroft, Mcrae and Miller (1990) . PCR was performed in a Mastercycler using HiFi polymerase (Qiagen, Hilden, Germany; with the supplied buffer), dNTP mixture, total DNA (or plasmid DNA) of Sinorhizobium sp. M14 as the template and appropriate oligonucleotide primers (Table S2 , Supporting Information). Transformation of E. coli was performed according to the method of Kushner (1978) . Triparental mating was performed as previously described by Bartosik et al. (2001) .
Plasmid stability assay
Segregational stability of the shuttle plasmids [an E. coli-specific pMB1 (ColE1-type) pABW1 vector (Bartosik et al. 1997 ), carrying (i) repC gene-pABW-REPC, (ii) repABC operon -pABW-REPABC, repABC operon and putative TA1 system -pABW-REPABCTA1 and (iv) repABC operon and putative TA2 system -pABW-REPABCTA2] in A. tumefaciens LBA 288 was tested by replica plating, following growth under non-selective conditions for 30 generations, as previously described by Dziewit et al. (2007) .
Plasmid host range analysis
To analyze the host range of the plasmid pSinB, a mobilizable shuttle plasmid (pABW-REPABC) was used (Table S1 ). The obtained plasmid was introduced via conjugation into five strains (A. tumefaciens LBA 288, Ochrobactrum sp. LM19R and P. alcaliphilus JCM 7364R of Alphaproteobacteria, Achromobacter sp. LM16R of Betaproteobacteria and Pseudomonas sp. LM7R of Gammaproteobacteria) with the use of E. coli DH5α carrying the helper plasmid pRK2013, as well as, via transformation, into E. coli BR825 (Gammaproteobacteria). The pABW1 vector (used for the construction of pABW-REPABC) contains a replication system which is not functional in any of the recipient strains (E. coli BR825 carries a mutation within the DNA polymerase I gene that prevents ColE1-type replication); therefore, all the functions required for the replication of the shuttle plasmid pABW-REPABC in the tested hosts were provided by the repABC system of the pSinB plasmid.
Plasmid DNA sequencing and assembly
The complete nucleotide sequence of the plasmid pSinB was determined in the Laboratory of DNA Sequencing and Oligonucleotide Synthesis (oligo.pl) at the Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw, Poland. Highthroughput sequencing of the MID-tagged shotgun plasmid libraries was performed using a Genome Sequencer FLX system (Roche/454 Life Sciences, Branford, USA). The GS de novo assembler software (Roche) was applied for the sequence assemblies. Primer walking and polymerase chain reaction (PCR) were used to close physical gaps between the assembled contigs. The amplified DNA fragments were sequenced using an ABI3730xl DNA Analyzer (Applied Biosystems, Thermo Fisher Scientific, Foster City, USA).
Bioinformatics
Plasmid nucleotide sequence was analyzed using Artemis (Carver et al. 2008) and GenDB 2.0 (Meyer et al. 2003) . Similarity searches were performed using the BLAST programs (Altschul et al. 1997) , Rfam (Griffiths- Jones et al. 2003) and the PRIAM tool (Claudel-Renard et al. 2003 ). Helix-turn-helix (HTH) motives were distinguished with the application of the HTH Motif Prediction tool (Dodd and Egan 1990 (Pal et al. 2014) . The reference database was manually curated, i.e. of 444 resistance genes, 101 with assigned regulatory and chaperone functions were excluded, leaving 343 genes. A total number of 30 721 protein sequences (including 299 identified in the pSinB plasmid, presented in this article) were used for the analysis. As a threshold, an e-value less than 1e-70 was used. Blast output was parsed with a Python script and to avoid the redundancy during heatmap construction, only the results with the best score were chosen. The graphic representation of the results was created using R v3.0.2 with reshape2 (v1.4.1) and ggplot2 packages (v0.9.3.1) (Wickham 2007; R Core Team 2013) . Accession numbers of the proteins that gave significant scores are presented in Table S3 (Supporting Information).
Nucleotide sequence accession numbers
The nucleotide sequence of the plasmid pSinB has been deposited in GenBank (NCBI) with an accession number KU140623.
RESULTS AND DISCUSSION
General features of the plasmid pSinB
Sequencing and assembly of the plasmid pSinB resulted in obtaining of the genomic sequence of a circular DNA molecule of the size 297 396 bp, with a mean G + C content of 59.16%, which is in the range typical for plasmid or chromosomal DNAs of other Sinorhizobium strains (Schneiker-Bekel et al. 2011; Drewniak et al. 2013; Sugawara et al. 2013) . The genetic map of the plasmid pSinB is shown in Fig. 1 , and a summary of the functional G/C plots were generated using DNAPlotter (Carver et al. 2009 ). The middle circle gives the scale of the plasmid in base pairs (bp). The first nucleotide of the repAcoding region was chosen as the start point for numbering the pSinB nucleotide sequence. Plasmid modules are shown as colored blocks: REP -repABC-type system, TA1 -phd-vapC-like stabilizing system, TA2 -hipAB-like stabilizing system, TRA -conjugal transfer system, HMR1-HMR8 -heavy metal resistance modules.
predictions for pSinB genes is presented in Table S4 (Supporting Information). The plasmid pSinB contains 299 genes (accounting for 83.1% of the plasmid) with the average gene length of 826 bp. Comparative sequence analysis showed that 178 (59.5%) of the predicted genes were assigned with putative functions and the remaining genes (121) encode polypeptides of unknown function.
Among the genes with assigned functions plasmid backbone components (i.e. maintenance and conjugal transfer systems) were distinguished. The pSinB backbone is composed of (i) repABC-type replication system (3 genes), (ii) phd-vapC-like (TA1) stabilizing system (2 genes) and (iii) hipAB-like (TA2) stabilizing system (2 genes) responsible for post-segregational elimination of plasmid-less cells from the bacterial population, and (iv) conjugative transfer and mating-pair formation system (23 genes) (Fig. 1) .
In addition to the maintenance systems, 8 genes encoding recombination and repair proteins (including: integrases, recombinases, resolvases and transposases) and 17 genes encoding predicted transcriptional regulators were distinguished, along with a large group of genes encoding predicted proteins involved in transport and metabolism of carbohydrates, amino acids and inorganic ions. Among the identified phenotypic modules eight gene clusters potentially responsible for heavy metal resistance were found (Fig. 1) .
Structural and functional analysis of the pSinB maintenance modules
The maintenance modules of pSinB are composed of a combined replication and partitioning system of the repABC type (pSinB 001-003) and two putative toxin-antitoxin (TA) systems (pSinB 050-051 and pSinB 137-138), encoding proteins involved in post-segregational elimination of plasmid-less cells.
The REP module of pSinB carries a repABC operon, which is composed of three genes and is responsible for plasmid replication and segregation into daughter cells. Detailed in silico analysis revealed that pSinB 003 encodes a replication initiation protein RepC, which shows high similarity (77%-80%) to the replication proteins identified in many Sinorhizobium spp. plasmids (e.g. GenBank accession number: KSV65376). Also HTH motif identified in this sequence, ATIEPIAEEMEMLREEISNLLE (residues: 216-237), matches the conserved motifs present in the proteins of this family, encoded within Sinorhizobium and Agrobacterium genomes (e.g. GenBank acc. no. WP 037427082).
Genes situated upstream of the repC gene constitute the partitioning system of the repABC module, composed of two nonoverlapping genes with a 52-bp spacer region. The pSinB 001 gene encoded a putative 407-aa RepA protein, showing a high level of identity (93%) with the chromosome partitioning protein ParA of Sinorhizobium fredii (GenBank acc. no. WP 010875046). The RepA protein encoded by pSinB contains a highly conserved HTH motif: FSLNEVAQFLGVSQSTLKKLHL (residues 50-71). The middle gene of the pSinB repABC operon encodes a RepB protein showing 76% amino acid identity with the chromosome partitioning protein ParB of Sinorhizobium sp. PC2 (Genbank acc. no. WP 046117893).
The bioinformatics analysis of the sequence of a 156-bp long intergenic region located between pSinB 002 (repB) and pSinB 003 (repC) genes showed the presence of two putative RNA elements, a S-element and ctRNA (counter-transcribed RNA), respectively. Homologs of both elements were described as a plasmid encoded non-coding RNAs, which are negative modulators of the repC transcription in the repABC type replicons (Venkova-Canova et al. 2004) .
Both predicted TA stabilization systems are composed of two genes, of which one encodes a putative toxin recognizing a specific cellular target and the other a putative antitoxin, counteracting the toxic effect. The first predicted TA system (TA1, pSinB 050-051) encodes two proteins of the sizes 84 and 140 aa, respectively. The smaller one shows homology with Ensifer adhaerens prevents host death protein (acc. no. WP 034798579), representing a family of antitoxins Phd YefM of the type II TA systems -phd-doc (Leplae et al. 2011) . The second protein encoded by TA1 shows the highest similarity with a protein described in the databases as 'twitching motility protein PilT' of E. adhaerens (acc. no. WP 025430669). Its careful analysis allowed for the identification of a PIN domain of a ribonuclease (toxin), VapC, of prokaryotic toxin/antitoxin operons -vapBC. This leads us to conclude that TA1 is a hybrid TA system, which was named phd-vapC-like TA. The second putative TA system of pSinB (TA2, pSinB 137-138) is composed of two non-overlapping genes. The pSinB 138 encodes a 445-aa putative protein with a sequence homology to a number of toxins of the hipAB TA systems of Alphaproteobacteria (e.g. GenBank acc. no. WP 012978581). The pSinB 137 gene encodes a protein showing significant similarity to putative transcriptional regulators of the HTH XRE-family (e.g. GenBank acc. no. WP 057251502.1) and contains a DNA-binding HTH motif LSQQEFARTLGLTRRQIAEIEA (residues 43-64). We assume that this is a HipB component of the distinguished hipAB-like TA system.
The segregational stability of the shuttle plasmidspABW-REPC, pABW-REPABC, pABW-REPABCTA1 and pABW-REPABCTA2 -carrying the selected pSinB genes repC, repABC operon and repABC with phd-vapC-like (TA1) or hipAB-like (TA2) toxin-antitoxin systems -were tested in Agrobacterium tumefaciens. The performed analysis revealed that although repC gene is crucial for the replication process, the plasmids carrying only repC (deprived of repAB genes of the partitioning system) are highly unstable (Fig. 2) . In contrast, the whole repABC operon ensures quite stabile maintenance of the tested plasmid pABW-REPABC (77% of the cells carried the plasmid after ∼30 generations of growth under non-selective conditions). This result is in a good agreement with those in several other studies (Pinto, Pappas and Winans 2012) .
The analysis also revealed that phd-vapC-like system (TA1) is responsible for the full stabilization of pSinB, as the resulting plasmid (pABW-REPABCTA1) was stably maintained, and no plasmid-less cells were detected after ∼30 generations of growth under non-selective conditions (Fig. 2) . In contrast, the second (hipAB-like) TA module was unable to stabilize the tested plasmid in this host. This observation with the results of our previous studies (Dziewit et al. 2007; Czarnecki et al. 2015) suggests that particular TA systems may be highly strain specific.
Four obtained pABW1 derivatives (carrying repC, repABC, repABC + phd-vapC-like system and repABC + hipAB-like system, respectively) were used for the removal of pSinB plasmid from Sinorhizobium sp. M14 cells. For this purpose, the replicon curing technique was applied, as it assumes that due to the incompatibility phenomenon between the mini-derivative and the parental plasmid, the latter one could be removed (Dziewit and Bartosik 2015) . This technique was previously successfully applied for obtaining of pSinA-lacking derivative of M14 strain (Drewniak et al. 2013) . Interestingly, in no case we were able to obtain a pSinB-lacking derivative. This may suggest that pSinB plasmid is in fact a chromid (i.e. essential plasmid-like replicon, with properties of both chromosomes and plasmids, carrying at least one housekeeping gene) like it was proposed for several other sinorhizobial replicons, e.g. pSymB of S. meliloti (Galardini et al. 2013) . However, the close inspection of the pSinB genetic content did not enable identification of possible indispensable gene/genes, which may suggest that it was one of the genes/gene clusters annotated as encoding the hypothetical protein. Such genes constitute over 40% of all genes annotated within pSinB plasmid.
In the course of this study, we also tested the host range of the plasmid pSinB. The analysis revealed that pABW-REPABC was not able to replicate in any of the tested strains representing Alphaproteobacteria (LM19R and JCM 7364R), Betaproteobacteria (LM16R) and Gammaproteobacteria (LM7R and BR825), which implies the narrow host range of the plasmid pSinB.
Functional analysis of maintenance module of plasmid pSinB also concerned the characterization of potential conjugative transfer and mating-pair formation region, which consists of 23 genes (pSinB277-pSinB229). The TraA protein of pSinB was classified (based on the presence of conserved motives) into MOB Q family, which enabled further identification of putative oriT (coordinates 277980-278000; 5 -CGGCATCAAAGTGCGCAATTA-3 ), showing significant similarity with the proposed consensus sequence for oriTs of other plasmids encoding homologous relaxases (Francia et al. 2004 ; Garcillan-Barcia, Francia and de la Cruz 2009). Similar to the plasmid pSinA, we have performed the attempts to introduce the whole plasmid pSinB into A. tumefaciens LB288; however, both di-and triparental conjugation analyses failed. Taking into account that the in silico analysis revealed the presence of a full set of tra genes theoretically needed for the conjugal, the lack of success in its experimental confirmation may be explained by a possible mutation (e.g. point mutation) within one or several tra genes, which may inactivate the whole process. The obtained result is especially interesting, since pSinB seems to be an exception among the non-pSym plasmids, usually highly active in conjugation (Lagares, Sanjuan and Pistorio 2014) .
Structural and functional analysis of the pSinB heavy metal resistance modules
In silico analysis of the plasmid pSinB revealed the presence of eight gene clusters (HMR1-HMR8), encoding proteins potentially involved in heavy metals resistance (Fig. 1) . Together, all the HMR modules constitute 9.4% of the entire plasmid.
The first putative resistance module (HMR1) consists of five genes. The pSinB 014 gene encodes a putative protein, which is homologous to arsenic efflux pump (ArsB) of Rhizobium sp. H41 (GenBank acc. no. WP 037094270) and Neorhizobium galegae (GenBank acc. no. WP 038542532), involved in active efflux of arsenite (Dey, Dou and Rosen 1994 The third heavy metal resistance module (HMR3) is composed of five genes. The pSinB 178 and pSinB 179 genes encode a predicted copper oxidase and a divalent heavy-metal cations transporter (putative zinc permease), respectively, with homologs identified in several sinorhizobial genomes (e.g. GenBank acc. no. WP 042778597 and WP 037461730). The pSinB 180 and pSinB 181 genes, oriented in opposite directions, encode predicted membrane proteins (containing a domain responsible for copper binding) and a heavy metal translocating P-type ATPase (zinc/cadmium/mercury/lead-transporting ATPase), respectively. Additionally, the pSinB 177 gene encoding a predicted Mn transport regulator has also been included within the module. BLASTp and BLASTn searches revealed that HMR3-like modules are present in various Alphaproteobacteria genomes (e.g. S. fredii NGR234 plasmid pNGR234b, GenBank acc. no. CP000874).
The fourth identified putative heavy metal resistance module (HMR4) is a predicted efflux system composed of five genes . The analysis of the conserved domain content of the pSinB 196 protein suggests that it may be either a copper or silver transporter or a Co/Zn/Cd efflux pump homolog. In turn, the in silico investigation of pSinB 197 supports the hypothesis that both genes may be involved in silver and/or copper export, since its homologs in other sinorhizobia encode Cu/Ag efflux system membrane fusion protein CusB (GenBank acc. no. WP 037446756). The next two genes (pSinB 198 and pSinB 199) are hypothetical proteins; however, pSinB 198 also shows homology to YtkA-like proteins from FixH family, which may be part of cusBA heavy metal eflux system RND (eg. GenBank acc. no. WP 056245066). The following gene's homologs encode uncharacterized proteins with unknown functions. The last cloned gene, pSinB 200, product showed homology to heavy metal-binding protein of Sinorhizobium sp. GL2 (GenBank acc. no. WP 060585206).
The HMR5 genetic module is composed of five genes showing similarity to respective gene clusters in Rhizobium and Sinorhizobium spp., and may be involved in copper and/or silver resistance. The first gene (pSinB 204) encodes a predicted type 2 copper oxidase, exhibiting 57% of amino-acid identity with the pSinB 155 protein. The next three genes (pSinB 205-207) encode subunits of copper and/or silver-transporting P-type ATPase, SilP (homologous to GenBank acc. no. WP 053250266 and WP 037212044).
The HMR6 module of pSinB is composed of three nonoverlapping genes. The pSinB 216 encodes a predicted copper resistance protein CopB, while the pSinB 217 encodes a putative copper oxidase (CopA). Homologous copAB-like copper resistance modules were found in other Sinorhizobium (e.g. Genbank acc. no. WP 014764323 and WP 014764324), Rhizobium (e.g. Genbank acc. no. KQT95478 and KQT95479) and Agrobacterium species (e.g. Genbank acc. no. WP 012653046 and WP 012653047). The pSinB 218 gene encodes predicted copper oxidase (with cupredoxin-like domain), which homologs were found in various Sinorizobium (e.g. Genbank acc. no. WP 042778592), Rhizobium (e.g. Genbank acc. no. WP 037166850) and Agrobacterium (e.g. Genbank acc. no. WP 006312273) genomes.
The next two genes (pSinB 226 and pSinB 227) constitute the HMR7 module. The pSinB 226 gene encodes a predicted polypeptide, showing homology to cobalt/zinc/iron/cadmium/nickel efflux protein (DmeF) (Munkelt, Grass and Nies 2004) ; however, a thorough in silico analysis revealed also its homology to the CzcD cation exporter, involved in Co, Zn and Cd export from the cell (homolog GenBank acc. no. WP 053253111). The downstream located gene pSinB 227 encodes a FrmR family transcriptional regulator (homolog GenBank acc. no. WP 053253110), which may be responsible for the regulation of pSinB 226 expression.
The last heavy metal resistance module (HMR8) found within the pSinB plasmid is composed of five genes (pSinB 251-255) encoding proteins responsible for the mercury resistance. The pSinB 251 protein exhibits 100% identity with MerR family transcriptional regulator identified in several Alphaproteobacteria (e.g. GenBank acc. no. WP 012092599). This protein has a HTH motif (LKRAELAQRTGCNLETVRYYEK, residues 10-31) and acts as a responsive transcriptional activator of the organomercurial resistance operon (Chang et al. 2015) . Three other proteins pSinB 252-254 show similarity to the mercury transport proteins, MerT, MerP and MerF (homologous to GenBank acc. no. WP 012092600, WP 012092601 and WP 012092602, respectively). The largest gene within the HMR8 cluster (pSinB 255) encodes a putative mercuric reductase MerA, a key enzyme in mercury detoxification process (Miller 1999) , also common in Alphaproteobacteria genomes. Within the cloned DNA fragment of pSinB (defined as HMR8 module), two additional genes (pSinB 250 and pSinB 256) encoding hypothetical protein with unknown functions were also included.
To investigate the functionality of the distinguished resistance gene clusters, each HMR module was cloned into a BHR, mobilizable vector pBBR1MCS-2 and introduced (by transformation or conjugation) into Escherichia coli TG1 (Gammaproteobacteria), A. tumefaciens LBA 288 and A. tumefaciens D10 (Alphaproteobacteria). The latter is a derivative of LBA288, which carries pSinA plasmid, the other heavy metal resistance replicon of Sinorhizobium sp. M14 (Drewniak et al. 2013) . The resistance phenotypes of the obtained transconjugants and the wild-type strains were then assessed by the determination of the MICs of Ag + , As 3+ , As 5+ , Cd 2+ , Co 2+ , Cu 2+ , Hg 2+ , Ni 2+ and Zn 2+ salts in liquid cultures (Fig. 3 , Table S5 , Supporting Information). The introduction of the plasmid into the recipient strains resulted in a significant increase (at least 2-fold) only in the MICs of As 5+ and Hg 2+ in E. coli transconjugants, harboring plasmids with the HMR1 and HMR5 modules, respectively. The increase of MICs at 1.5-fold was observed for Ni 2+ and Hg 2+ for E. coli transconjugants, carrying plasmids with the HMR7 and HMR8 modules, respectively (Fig. 3) . Transconjugants of the A. tumefaciens LBA288 strain also showed an increased resistance to heavy metals compared to the parental wild-type strain (Fig. 3) . The introduction of the modules HMR5 and HMR8 into the A. tumefaciens LBA288 cells increased MICs for Hg 2+ at least 1.5-fold. In turn, the introduction of the HMR7 module resulted in 1.5 increase in the MIC for Ni 2+ and Zn 2+ . In case of transconjugants of the A. tumefaciens D10, the increase of MICs (of at least 1.5 fold) was observed only for Zn 2+ for the strain carrying plasmid with HMR7 module (Fig. 3) . Interestingly, the introduction of some of the HMR modules into both recipient strains resulted in activity that leads to decrease in metal tolerance (Fig. 3) In turn, derivatives of A. tumefaciens D10 harboring plasmids with HMR2, HMR3, HMR4, HMR5 and HMR7 showed significant decrease in resistance to Hg 2+ , Ag + , Zn 2+ and Ni 2+ . Such phenotypic effect may be the result of specific interactions between the resistance systems located within plasmid pSinA and the introduced HMR modules; therefore, it drives us into a conclusion that acquisition of a resistance module is not always beneficial for the host.
As it was previously suggested, the increased sensitivity of the bacteria with introduced (exogenous) heavy metal resistance modules/plasmids may be a result of disruption of an overall heavy metal homeostasis of the cell, e.g., by altering ion fluxes and their intracellular concentrations, caused by introduction of the particular HMR modules. Such phenomenon was observed by us previously for cobalt, zinc and cadmium resistance module of plasmid pLM20P2 and mercury resistance module of transposon Tn5563a (Dziewit et al. 2015b) . Moreover, it is also possible that the particular heavy metal resistance modules interact at the transcriptional level, as some types of the resistance systems may be involved in down-or upregulation of expression of other modules (Grosse et al. 2004) .
This analysis revealed that most of the tested HMR modules are active (and lead to either increase or decrease of metal tolerance) in the cells of hosts other than Sinorhizobium sp. M14, and their functionality is strain-and heavy metal specific. A similar correlation between the heavy metal resistance phenotype and the types of host cells was also previously observed by us. The results of our other analysis revealed that the heavy metal resistance modules of the bacterial strains inhabiting the Lubin copper mine (Poland) and Zelazny Most post-flotation waste reservoir were active in various hosts, but the phenotype effect was strain specific. For example, the czcD gene of the plasmid pLM20P2 of Paracoccus yeei LM20 increased the resistance to Cd 2+ , Co 2+ and Zn 2+ of three Pseudomonas strains (LM5, LM6, LM8), and for other strains (e.g. Pseudomonas sp. LM14, LM25, Sinorhizobium sp. LM21) showed the opposite effect (at least 2-fold decrease in the resistance to cadmium, cobalt and zinc) (Dziewit et al. , 2015b . Therefore, our past and current analyses indicate that in silico identified heavy metal resistance modules have to be functionally characterized to recognize their real function in phenotype shaping, since such gene clusters exhibit both host and substrate individual specificities. Based on the comparison of transconjugants of A. tumefaciens LBA288 and A. tumefaciens D10 (LBA288 with plasmid pSinA), an additional conclusion can be drawn. The pSinB-located modules may play a supporting role in the overall heavy metal homeostasis.
Heavy metal resistome of the sinorhizobial extrachromosomal replicons
The plasmid pSinB carries eight putative heavy metal resistance modules. Distribution analysis of the heavy metal resistance genes within other plasmids of Sinorhizobium spp. was performed to define the complete heavy metal resistome of the sinorhizobial extrachromosomal replicons.
In total, 35 plasmids ranging in sizes between 7212 and 2 430 033 bp were analyzed (Fig. 4, Table S3 , Supporting Informatiob). As the result, 31 different types of resistance genes were identified, including aioA/aoxB, arsB, arsH, pstB responsible for arsenic resistance; chrA -chromium; cmeB -cobalt and copper; copA, cueA, cusA/ybdE -copper and silver; ctpV, cutO -Cu; acrDcopper and zinc; actP -copper and tellurium; dmeF -cobalt, cadmium and nickel; fecE -cobalt and nickel; merA -mercury; gesBgold, methylene blue and crystal violet; mdtB, mdtC -zinc; mexIvanadium and triclosan; ncrA -cobalt and nickel; nia -iron and nickel; acn, ybtQ and pmrC -iron; nrsA -nickel; perO -molybdenum, tungsten and vanadium; tupA -tungsten; wtcP -tungsten and molybdenum; zntA/yhh0 -lead, cadmium and zinc. Of these 31 various gene groups, 7 seems to be unique, as they were identified in only one replicon: aioA/aoxB (in pSinA -GenBank acc. no. JF809815), cueA (pSmeSM11c -GenBank acc. no. CP001831), nrsA (pSfHH103e -GenBank acc. no. HE616899), pstB (pSinA -GenBank acc. no. JF809815), tupA (pSMED02 -GenBank acc. no. CP000740) and ybtQ (pRmeGR4d -GenBank acc. no. CP003937). Interestingly, a unique gene aioA/aoxB that is responsible for arsenite oxidation was found exclusively in pSinA plasmid, co-occurring with pSinB in Sinorhizobium sp. M14.
The most commonly found genes in the heavy metal resistome of sinorhizobial plasmids are equally actP and copA (16 representatives of each, in 13 and 9 plasmids, respectively). The other highly represented genes are merA (11 representatives), acrD (10) and ncrA, pmrC and silP (9). Noticeably, of the 35 analyzed plasmids, the pNGR234b replicon (GenBank acc. no. CP000874) of S. fredii NGR234 has the highest number of resistance genes, i.e. 16. In 12 plasmids (with the following GenBank accession numbers: JQ665880, HE995406, HE616893, HE616892, HE616891, EF066650, CP003935, CP002785, CP002784, CP002245, AF327371), no heavy metal resistance genes were identified.
The performed analysis revealed that heavy metal resistance genes are common within the sinorhizobial plasmids, which suggests that they are important from the evolutionary point of view. This may have a direct link with the environment, where particular sinorhizobia occur (mostly soil). The presence of various HMR modules within the plasmids is beneficial for environmental microbes as they create a reservoir of the resistance genes, which can be easily used when the heavy metal contamination occur.
CONCLUSIONS
Sinorhizobium sp. M14 is an environmental isolate with a high potential for application in water bioremediation systems. This strain tolerates high concentrations of many metals and and pSinB (KU140623) of Sinorhizobium sp. M14; pSymA (AE006469) and pSymB (AL591985) of S. meliloti 1021; pRm1132f (AF327371) of S. meliloti; pSMED01 (CP000739), pSMED02 (CP000740) and pSMED03 (CP000741) of S. medicae WSM419; pNGR234b (CP000874) of S. fredii NGR234; pSmeSM11b (EF066650), pSmeSM11c (CP001831) and pSmeSM11d (CP001832) of S. meliloti SM11; p64a (CP002245) of S. fredii GR64; pSINMEB01 (CP002741) and pSINMEB02 (CP002742) of S. meliloti BL225C; pSINME01 (CP002784) and pSINME02 (CP002785) of S. meliloti AK83; pRmeGR4a (CP003934), pRmeGR4b (CP003935), pRmeGR4c (CP003936) and pRmeGR4d (CP003937) of S. meliloti GR4; pSymA (CP004138) and pSymB (CP004139) of S. meliloti 2011; pSymA (CP009145) and pSymB (CP009146) of S.meliloti RMO17; pSmeSM11a (DQ145546) of S. meliloti; pSfHH103a (HE616891), pSfHH103b (HE616892), pSfHH103c (HE616893) and pSfHH103e (HE616899) of S. fredii HH103; pRM41A (HE995406), pSYMA (HE995407) and pSYMB (HE995408) of S. meliloti Rm41; pHRC017 (JQ665880) of S. meliloti C017; pNGR234a (U00090) of S. fredii NGR234. The total number of 160 resistance genes were found in these plasmids. metalloids, including arsenic, cadmium, cobalt, chrome, copper, nickel and zinc. M14 was shown to have two mega-sized replicons, pSinA and pSinB, of which the latter has not been not been described yet.
In this study, we performed a complex structural and functional analysis of the plasmid pSinB, which was found to be a narrow host-range repABC-type replicon, stabilized by two toxin-antitoxin systems: phd-vapC-like and hipAB-like. Apart from these modules, the plasmid contains conjugative transfer and mating-pair formation genes in its conserved backbone.
Based on the in silico analysis of the plasmid pSinB, we have also identified several phenotypic gene clusters, of which eight are potentially responsible for heavy-metal resistance of the host strain. These encoded an efflux pump, copper oxidase, metal translocating P-type ATPase, as well as (several) permeases and transporters, which are potentially involved in detoxification of As, Cd, Co, Cu, Fe, Hg, Ni and Zn. The functional analysis of the HMR modules confirmed the activity of most of them. Interestingly, the phenotypic response to the introduction of these modules into the tested cells was varied, as it resulted in either an increase or decrease of the MICs of heavy metals.
The analysis of heavy-metal resistance genes distribution in Sinorhizobium spp. plasmids revealed that HMR modules are common within sinorhizobial replicons. The study showed that the resistance to the same toxicant was, in several cases, conferred by different gene clusters. Therefore, the combination of resistance gene modules, leading to the same resistance phenotype of the host cell, is not necessarily reflected in identical gene composition. This can be a proof of the complex and diverse mechanisms involved in the shaping of the genomes, in which the horizontal gene transfer plays a major role. This phenomenon explains why microbial heavy metal resistance determinants are found within the plasmids of practically every bacterial group.
Further study of novel environmental isolates and plasmids constantly increases the understanding not only of the role of heavy metal resistance phenomenon in microbial ecology, but also its impact on biogeochemical cycles of (toxic) elements, which may find practical application in bioremediation technologies.
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